Abstract-The present study investigated the acute toxic effects of a metal-loaded Bauxsol reagent (MLBR), containing more than 6,450 mg kg Ϫ1 of bound metal, on the earthworm Eisenia fetida. Bauxsol is manufactured by Virotec Global Solutions of Gold Coast, Queensland, Australia. The E. fetida were exposed to 0, 10, 20, 40, 60, and 80% treatments of MLBR plus cow manure for 28 d. Good motility and no mortality of E. fetida were found in all treatments after 28 d of exposure. The greatest bioaccumulation of metals by E. fetida occurred in the 20 and 40% MLBR treatments. The bioaccumulation of metals in the worms and bioaccumulation factors (BAFs) were less than the reported toxicity thresholds to cause mortality and less than the reported BAF for moderately contaminated soils, indicating that metals bound to Bauxsol reagents are mostly nonbioavailable. Analyses of the 20% MLBR treatment at 28 d using a sequential extraction procedure showed that more than 95% of the metals are bound within the Fe/Mn oxide fractions. However, changes occurred in metal fractionation after exposure to E. fetida for Cd/Cr, and Fe/Mn. The data also showed that the exchangeable (1 M MgCl 2 ) and the toxicity characteristic leaching procedure extractant are useful as indicators of metal bioavailability from MLBR to E. fetida.
INTRODUCTION
Bauxsol reagents contain a suite of iron-rich, fine-grained minerals (80% of particles are Ͻ10 m) that are a by-product of alumina production by the Bayer process and are being used for soil and water remediation at mine sites, tanneries, metalplating factories, sewage treatment plants, and aquaculture farms. Bauxsol and Basecon are reagents and technology manufactured and owned by Virotec Global Solutions of Gold Coast, Queensland, Australia [1] Bauxsol reagents have a pH of approximately 9.0 (using a 1:5 solid:Milli-Q solution [Millipore, Bedford, MA, USA]) and an acid-neutralizing capacity of 2.5-7.5 mol kg Ϫ1 ; and are composed primarily of hematite, boehmite, cancrinite, gibbsite, quartz, sodalite, and lesser amounts of anhydrite/gypsum, aragonite, brucite, calcite, hydrocalumite, hydrotalcite, p-aluminohydrocalcite, and portlandite [2, 3] . The chemical and physical properties of Bauxsol reagents have been tested extensively in the laboratory and are similar to those of red mud (a waste product of the aluminarefining industry), insofar as both red mud and Bauxsol reagents can bind metals, neutralize acid, and adsorb phosphate as well as some other potential contaminants [4, 5] .
The assessment of metal availability in soil usually is measured by exposing the solids to selective or sequential extractions that can, in turn, be used to assess metal bioavailability. In Australia, the use of total metal concentrations and 1 M HCl leaches [6] are used to describe the bioavailability of metals in soils and sediment, whereas in the United States, the U.S. Environmental Protection Agency (U.S. EPA) toxicity characteristic leaching procedure (TCLP) [7] (http:// www.epa.gov/epaoswer/hazwaste/test/pdfs/1311.pdf) is used * To whom correspondence may be addressed (greg.maddocks@bigpond.com).
to describe the availability of metals from soils and other solids. Sequential extraction procedures (SEPs) also have been used to provide indirect evidence for the availability of metals to organisms [8] . The main criticisms of SEPs is the lack of uniformity between methods, making the comparison of results difficult [8, 9] , and the fact that the metals removed by each step are operationally defined fractions and do not provide accurate estimations of bioavailability [8] unless the metals removed by the extractant are related to a biotic endpoint. Selective extractants and SEPs may be useful in the determination of metal fractionation, but the use of bioindicators is seen as a preferable option for determining the bioavailability or toxicity of metals in soil and sediment [8, [10] [11] [12] .
Earthworms are capable of tolerating high concentrations of metals in soils with little effect on physiological functions and, for this reason, have been used in bioaccumulation studies [8, 11, 13] . Earthworms are particularly suitable for the assessment of contaminant bioavailability, because they are proven metal accumulators [13] , are in full contact with the substrate that they consume, and are a key species in the food chain to higher-order animals, such as birds, lizards, and fish [8, 10, 11] .
The chemical stability of metal-loaded Bauxsol reagents (MLBR) can be determined by subjection to the TCLP and other selective extractants and SEPs, but what is less certain is the effect that MLBR may have on aquatic and terrestrial biota and the surrounding environment. The main aims of the present study were to assess whether acute toxicity would occur to Eisenia fetida after exposure to a MLBR and to measure the bioaccumulation factor (BAF) to assess the bioavailability of the MLBR. Other aims were to determine the effect that ingestion and digestion of MLBR by E. fetida, after 28 d of exposure, had on metal fractionation and to correlate worm tissue concentrations with soil metal concentrations from a series of selective extractants to assess which extractants best predict bioavailability.
MATERIALS AND METHODS

Preparation of MLBR
Metal-contaminated water (800 L) from the Mt. Carrington mine (NSW, Australia) was collected in a 1,000-L container fitted with a top-mounted, variable-speed, electric-powered impeller. Ten kilograms of dry, powdered Bauxsol reagent were added to the container and mixed at 700 rpm for 30 min. After mixing, the Bauxsol reagent was left to settle to the bottom of the container for 24 h until the next addition. The process was repeated for 8 d. The water remained in the container with the Bauxsol reagent for a further 7 d to complete the treatment. Solution pH, electrical conductivity (EC), and metal concentrations were measured on-site at 0 and 15 d. At 0 and 15 d, 250-ml water samples were collected for metal analyses. Each sample was filtered with 0.45-m, cellulose-acetate syringe filters and acidified with nitric acid to pH less than 2. The analysis of the metals was conducted by an inductively coupled plasma-optical emission spectrometer. At 15 d, excess water was drained from the container, and 10 kg of the MLBR were removed and dried in an oven at 70ЊC for 48 h.
Assessing acute toxicity of E. fetida after exposure to MLBR
The assessment of metal bioaccumulation and acute toxicity to E. fetida was undertaken using methods adopted by the U.S. EPA, European Economic Community, and Organisation for Economic Co-operation and Development (OECD) [8, 14] (http://www.oecd.org/ehs/test/flags.htm). A combination of MLBR (100% crushed to Ͻ125 m with a mortar and pestle) with air-dried cow manure with approximately 15% soil moisture (100% crushed to Ͻ250 m with a mortar and pestle) was used to create the following treatments: Control (0% MLBR) and 10, 20, 40, 60, and 80% MLBR. Each treatment was tested in triplicate, and each replicate (500 ml, high-density polyethylene containers with a 100-mm diameter) contained a total of 350 g of soil medium (dry wt). Tap water was added to each replicate to attain approximately 20% soil moisture. The lid of each replicate had four holes (diameter, 0.5 mm) to allow air circulation in the container. Twelve to 15 individual E. fetida (length, 5-7 cm) with a clitellum were washed, dried on a paper towel, weighed, and placed in each replicate. Individual worms were added to achieve a worm weight of approximately 3 g in each replicate. The replicates were placed on a laboratory bench and exposed to fluorescent light for 12 h each day. The outside of the containers was painted black to reduce light penetration, and the translucent plastic lids allowed adequate light to reach the soil surface, thereby simulating field conditions. The E. fetida were digested and analyzed at 0 and 28 d to determine the total concentrations of Al, Cd, Cu, Cr, Fe, Mn, Pb, and Zn in the body tissue. When the E. fetida were collected for analysis, they were removed from the containers, rinsed with tap water, dried on paper towels, and weighed to record changes in body weight after 28 d. The E. fetida were then returned to a clean, 500-ml, plastic sampling container lined with strips of Milli-Q-moistened paper towels and placed in a cupboard for 48 h for depuration. After depuration, the E. fetida from each replicate were rinsed, weighed, triplerinsed with Milli-Q water to remove all dirt, then placed in 50-ml centrifuge tubes and frozen for 4 h to anesthetize them before digestion. Total metal concentrations in E. fetida were determined by adding 15 ml of 32% HCl and 5 ml of concentrated HNO 3 to the worms from each replicate for 18 h at 25ЊC followed by heating the digest to 85ЊC for 1 h. The supernatant was diluted to 50 ml, and 10 ml of supernatant were filtered to less than 0.45 m using cellulose-acetate syringe filters and placed in 10-ml tubes for total metal analysis by inductively coupled plasma-optical emission spectrometer.
Characterization of the 0 to 80% MLBR treatments
At 0 and 28 d, 15-g subsamples of soil medium from each replicate from all MLBR treatments were dried at 70ЊC for 24 h for the determination of metal and exchangeable salt concentrations. Metal analyses of soil samples were determined using 2-g samples of soil that had been ground by hand in a mortar and sieved to less than 500 m. Analysis of these samples was done using the selective extractants and SEPs described in Table 1 . The SEP methodology was that described by Tessier et al. [15] , with 0.01 M CaCl 2 used as a first step ]) using selective extractants. In the present study, the EBs were selected on the basis that they had the closest numerical association and the least potential to overor underestimate the biotic endpoint concentration. Estimations of bioavailability for each selective extractant across all MLBR treatments were tested using paired Student's t tests (two-tailed distribution and two-sample equal variance) to determine if relationships could be found that might allow predictive measures of bioavailability to be made for individual metals. Linear regression was used to determine the applicability of each selective extractant described in Table 1 as measures of multimetal bioavailability. This was achieved by using raw data and plotting all metals in E. fetida against all metals removed from the solid phase for each individual selective extractant. The data from the 0 to 40% MLBR treatments were used, because these treatments offer concentration gradients from minimal to maximal E. fetida tissue concentrations. The data from the 20% MLBR treatment were used for interpretation of changes to metal fractionation after E. fetida ingestion, because a 20% addition of contaminated soil is used in U.S. EPA and OECD E. fetida bioaccumulation methodology, thereby allowing comparative estimations of data. Bioaccumulation factors were derived for all treatments by dividing the E. fetida tissue metal concentration by the total soil metal concentration. Bioaccumulation factors are used as an indication of the environmental availability of metals to organisms [8] .
Exchangeable salt concentrations in the 0 to 80% MLBR treatments were measured by tumbling 2 g of soil, which had been hand-ground and sieved to less than 500 m, with 20 ml of 1 M CH 3 COONH 4 for 1 h at 30 rpm in 50-ml centrifuge tubes. Samples were then centrifuged at 3,000 rpm for 5 min. The supernatant was filtered to less than 0.45 m using cellulose-acetate syringe filters and analyzed for Na ϩ , K ϩ , Ca 2ϩ , Mg 2ϩ , Cl Ϫ , and using a Varian automated fast sequential 2Ϫ SO 4 2000 atomic absorption spectrophotometer (Palo Alto, CA, USA).
All analyses were submitted in batches to the Southern Cross University Environmental Analysis Laboratory, which is accredited by the Australian National Association of Testing Authorities, to minimize analytical discrepancy. Samples were submitted with blanks and standard spiked additions to validate laboratory results.
RESULTS
Metal concentrations of MLBR
The acid mine drainage used to load the Bauxsol reagent had high metal concentrations. After treatment, however, the majority of the metals had been removed from the aqueous phase to the solid phase ( Table 2) .
Assessing acute toxicity of E. fetida after exposure to MLBR
No mortality occurred in any treatment at 28 d, showing that the MLBR did not result in acute toxicity of mature E. fetida. Worm body mass was maintained or increased in the 0 to 60% MLBR treatments but decreased in the 80% MLBR treatment. Visual observations showed substantial overturning of the soil within the 0 to 40% treatments and decreasing overturning of soil in the 60 to 80% treatments. The 0% MLBR was characterized by high exchangeable salt concentrations, particularly K, Mg, and Ca. Sulfate concentrations also were higher in the 0% MLBR treatment than in the other MLBR treatments. Data show that pH increases as the concentration of MLBR in the treatment increases but that EC decreases. Eisenia fetida growth data and MLBR soil pH, EC, and exchangeable salt concentrations in all treatments after 28 d of exposure are shown in Table 3 .
Analyses of the E. fetida tissue after 28 d of exposure to the MLBR show a general increase in worm tissue metal concentrations for all metals from the 0 to 40% MLBR treatments followed by decreasing worm tissue metal concentrations in the 60 and 80% MLBR treatments ( Table 4 ). The 20% MLBR had the highest E. fetida metal concentrations for Al, Fe, Mn, Pb, and Zn, whereas the 40% MLBR treatment had marginally higher E. fetida metal concentrations for Cd, Cr, and Cu. Table 4 shows the metal concentrations in the MLBR treatments removed from the solid phase using the selective extractants in Table 1 . Low metal concentrations were found in the 0% MLBR treatment for all metals other than Fe and Mn, whereas increasingly higher concentrations of metals were found in the 10 to 80% MLBR treatments. The data also showed that most of the bound metal in the MLBR treatments was immobilized in the carbonate and oxide fractions. Figure  1 shows the changes that occurred in the fractionation of bound metals in the 20% MLBR treatment after 28 d of exposure to E. fetida. The most substantial changes in the fractionation of bound metals after 28 d occur for Cd, Cr, Fe, and Mn. Relationships between selective metal fractions and bioavailability in E. fetida Table 5 shows that the EBs vary between the 0% MLBR treatment and the 10 to 80% MLBR treatments. The data also shows that the EBs generally are the same for the 10 to 80% MLBR treatments. Additionally, the EBs using selective extractants differ for particular metals, whereas very few numerically accurate EB relationships were strong enough to be useful for the determination of individual metal bioavailability.
Characterization of the 0 to 80% MLBR treatments
Estimations of bioavailability tested with paired t tests showed that across all treatments, p values (Table 4) were statistically valid for some selective extractants. Strong measures of bioavailability for the TCLP, 1 M HCl, and the exchangeable extractants for Al, Cr, and Cu/Pb were observed. All metals, using each of the selective extractants described in Table 1 (x-axis) and E. fetida tissue concentrations (y-axis), were compared with scatter plots and linear regression to seek correlation coefficients that might allow predictive measures of multielement bioavailability to be made. Analysis of the 0%, the 20 to 40%, and the 0 to 40% MLBR treatments using linear regression showed that the r 2 relationships were variable and that each extractant had some potential as a measure of multielement bioavailability. For each selective extractant, poor correlations were found using all metals; therefore, metals were selectively removed until r 2 values improved to a point at which predictive measures of bioavailability could be made. After detailed analysis of all the selective extractants, the TCLP extractant offered the best results for multielement bioavailability. Table 6 shows r 2 values using linear regression for selected metals using the TCLP extractant for the 0% MLBR, the 20 and 40% MLBR treatments, and the 0, 10, 20, and 40% MLBR treatments. Bioaccumulation factors derived from the data showed that the MLBR is tightly bound and has low bioavailability.
DISCUSSION
Assessing acute toxicity of E. fetida after exposure to MLBR
Earthworms are capable of accumulating large concentrations of metals in their body tissue, and the concentrations required to induce death are reported to be 300 mg kg Ϫ1 for Cu, 1,300 mg kg Ϫ1 for Zn, 1,700 mg kg Ϫ1 for Pb, and 300 mg kg Ϫ1 for Cd [17] . Evidence also suggests that the mortality of earthworms exposed to metals will increase significantly because of the synergistic affect of a combination of metals [13, 17] [17] .
One method of assessing the uptake of metals by biota and, thereby, of assessing the bioavailability of metals in solid or aqueous phases is by determining a BAF, which is a unitless value calculated by dividing the steady-state tissue concentration of a substance by the steady-state concentration in food plus the surrounding living environment. The BAF is used extensively to evaluate parameters linked to acute toxic and chronic effects of metals in biota [8] . The MLBR treatments show very low BAFs compared to those reported by various authors (Table 7) , and this indicates that the metal bound to the MLBR is strongly retained and poses less capacity for bioaccumulation than Zn smelter-contaminated soils [18] , sewage-contaminated soil [19] , forest soils [20] , sewage sludge [21] , and 20 moderately contaminated Dutch field soils [22] .
Worm tissue metal concentrations increased from the 0% to the 20 and 40% MLBR treatments (Fig. 2) , and it is believed that the highest worm tissue metal concentrations occurred in the 20 and 40% treatments because of an optimum balance between the available food source, exchangeable salt concentrations, worm population, and concentration of the MLBR. Ingestion of MLBR was demonstrated both by increasing metal concentrations and by distinctive coloration of the worm casts.
In the 60 and 80% treatments, food ingestion and subsequent bioaccumulation may have been reduced because of lower available food resources, resulting in decreased feeding activity and lower metal accumulation rates. This idea is supported by visual observations regarding substantial overturning of the soil media in the 0, 10, 20, and 40% MLBR treatments (ഠ80, 70, 50, and 50%, respectively, as indicated by worm cast formation) but decreasing turnover in the 60 and 80% MLBR treatments (Ͻ40% and Ͻ30%, respectively, as indicated by worm cast formation). The inclusion of the 60 558 Environ. Toxicol. Chem. 24, 2005 G. Maddocks et al. Al-28) for selected metals. Standard deviation (SD) for these data can be found in Table 2 . and 80% MLBR treatments was valuable in confirming which treatments had the highest bioaccumulation of metals by E. fetida, and it supports the worm to soil ratios used in the OECD and U.S. EPA worm ecotoxicological methods.
The present results show that the MLBR did not pose acute toxicity to E. fetida from metal loading, both because no mortality occurred in any treatment and because chronic toxicity may occur from the exchangeable salt concentrations or other biogeochemical parameters. Decreases in E. fetida reproductive effort are reported to occur with increases in soil NaCl concentrations from 20 to 80 mmol, whereas mature earthworm body weight increases in this range [23] . However, as NaCl soil concentrations increase beyond 80 mmol, a proportional increase occurs in earthworm mortality [23] . Approximately 25 to 60 mmol of NaCl were in the 10 to 80% MLBR treatments (Table 3) , and at these concentrations, acute toxicity did not occur. However, at the NaCl concentration in the 60 and 80% MLBR treatments, NaCl may contribute to chronic effects associated with reproductive effort and slower metabolism [23] . These effects on growth are observed from the growth data (Table 3) . The results show increases in E. fetida weight (0.27, 0.07, 0.02, 0.05, and 0.03 g for the 0 to 60% MLBR treatments, respectively) and a decrease in E. fetida weight in the 80% MLBR treatment (0.51 g). The decrease in E. fetida weight may be a response to NaCl that, at 60 to 80 mmol, leads to decreased ingestion of food a lower body weight and, therefore, lower metal concentrations in their tissue. The decrease in body weight also may be a direct result of lower available food resources; however, given that the changes in body weight are relatively similar in the 10 to 60% MLBR treatments, NaCl may be a contributing factor leading to adverse chronic effects.
Possible mechanisms for shifts in soil metal fractionation after worm digestion
The SEP data show that the bulk of metal transferred from the aqueous to the solid phases on the Bauxsol reagent is retained in the carbonate and oxide fractions (Table 4) and that very little metal is available for bioaccumulation to E. fetida. The SEP results for the 20% MLBR treatment before and after ingestion by E. fetida show that changes to the fractionation of metals occurred after 28 d of exposure indicating that E. fetida ingestion may have direct effects on metal fractionation, particularly for Cd, Cr, Fe, and Mn (Fig. 1) .
Bauxsol has unique abilities to neutralize acid and to immobilize metals. However, to date, these mechanisms have not been quantified, and work is underway to investigate these processes. Even so, significant work has been done on metal binding by red mud, which is similar in its behavior to Bauxsol. HCO 3 from the residual fractions by microbial reduction and increased mobility through complexation by organic ligands [24] . Cadmium has a strong affinity for adsorption with Fe oxides [25, 26] , and the increase in the exchangeable Cd fraction may be caused by initial repartitioning of aqueous Cd from the residual/oxide fraction and remineralization as Fe/ Mn/Cd oxi-hydroxide carbonates [27] . Changes to the fractionation of Cd from the carbonate to the exchangeable fraction may be attributed to the formation of cadmium-chloride-organic matter complexes that are enhanced in soil [28] and, possibly, in the gut of E. fetida by chloride availability. Chromium in soil is mostly present as insoluble carbonate, oxide, organic, and residual fractions; therefore, it should not be physicochemically mobile in soil [29] . Chromium was transferred from the aqueous to solid phase through precipitation, adsorption, or particle diffusion, and because more than 95% of Cr was held in fractions above the exchangeable and soluble phases, diffusion may be the primary binding mechanism [30] (Fig. 1) . After 28 d of exposure to earthworm activity, approximately 40% of the Cr had been transferred to the exchangeable fraction, with the greatest decrease in fractionation occurring in the oxide fraction. Because Cr is known to adsorb or diffuse into Fe oxide fractions, the increase in the exchangeable Cr fraction may be related to changes in Fe fractionation, causing the formation of soluble complexes with organic matter and, thereby, facilitating the increase in the exchangeable Cr fraction [31] .
Relationships between selective metal fractions and bioavailability in E. fetida
Evidence from other studies suggests that weak electrolyte extractions, such as 0.01 M CaCl 2 , are suitable to determine the bioavailability of trace elements in plants [28, 32] and whether extractants like 0.1 M Ca(NO 3 ) 2 [33] and 1 M CH 3 COONH 4 [34] are applicable for the determination of soil metal bioavailability to earthworms. One of the main aims of the present study was to test the applicability of the selective extractants in Table 1 as measures of bioavailability to E. fetida.
Regulatory authorities, such as the U.S. EPA, use the TCLP as a measure of potential metal contamination in soil and solidphase media. After detailed analysis of each selective extractant, the TCLP extractant was found to offer the best results for multielement bioavailability. Evidence of this is shown in 562 Environ. Toxicol. Chem. 24, 2005 G. Maddocks et al. the results illustrating that TCLP extractant had a strong r 2 value for Cd, Cr, Mn, Pb, and Zn in the 20 to 40% MLBR treatments and a strong r 2 value for Cd, Cr, Cu, Pb, and Zn in the 0% MLBR treatment ( Table 6 ), showing that it may be used to estimate the bioavailability of these metals in E. fetida when MLBR have been used. The use of the TCLP extractant to predict multielement bioavailability may, however, be limited, though still useful, as the range of concentrations increases: From the 0 to 40% MLBR treatment, a lower r 2 value was found. This suggests that if the TCLP or, indeed, any other extractant is to be used to predict bioavailability, an approximation of the total concentration of metals in the soil may be required.
The EBs across all MLBR treatments also show that the TCLP extractant had a strong statistical relationship with Al (p ϭ 0.52) and weaker, but still applicable, relationships with Cd, Cu, Mn, and Zn, showing that this extractant also was useful across a full range of concentration gradients (Table 4 ). In the 0 to 80% MLBR treatments, a strong relationship also was observed in the EBs for the soluble/exchangeable fraction for Cu, Mn, Pb, and Zn and the 1 M HCl fraction for Cr and Fe, suggesting that these extractants may be suitable to measure bioavailability across a range of concentrations when MLBR have been added to soils. Although the use of a 1 M HCl leach is recommended by the Australian and New Zealand Environment and Conservation Council and Agriculture and Resource Management Council of Australia and New Zealand [6] as an extractant to determine bioavailability in sediments, the present study has shown that this extractant is not a useful indicator of metal availability and bioavailability to E. fetida in organic-rich soil (0% MLBR). However, in the 10 to 80% MLBR treatments, the 1 M HCl leach did show good p values for Cr and Fe.
CONCLUSION
Bauxsol reagents are effective at removing metals from aqueous solutions, such as acid mine drainage, and removal rates generally were greater than 99% for tested metals in the present study. The MLBR could be considered as a source of environmental toxicity because of the total concentration of Metal-loaded Bauxsol has no acute toxicity to E. fetida Environ. Toxicol. Chem. 24, 2005 563 bound metals; however, the present study has shown that the MLBR does not cause acute toxicity to E. fetida and retains biogeochemical inertness under natural environmental conditions. Generally, less than 5% of bound metal is available for bioaccumulation using the TCLP extractant as a measure of bioavailability. These data also indicate that the MLBR may be superior compared to lime and Mg in terms of the biochemical stability of the metal-loaded solids (see BAF data in Table 7 ). The biochemical stability of the MLBR is demonstrated by the low BAFs for Cd, Cu, Pb, and Zn and the small changes in metal fractionation. More work should be conducted on individual and multielement metal loading to Bauxsol reagents to ascertain the individual biogeochemical inertness of the reagents. The data suggest that the TCLP and 1 M MgCl 2 extractants were the most useful to assess potential bioavailability of metals in E. fetida in the control and soil remediated with Bauxsol reagents.
